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ABSTRACT Hepatitis E virus (HEV) is a common cause of acute viral hepatitis world-
wide. Most HEV infections are asymptomatic, but immunocompromised patients in-
fected with HEV genotype 3 (HEV3), HEV4, or HEV7 may develop chronic infections.
The HEV particles in stools are naked (nHEV), while those in the serum and culture
supernatants (eHEV) are associated with lipids. Hepatocytes are polarized epithelial
cells that have basolateral (oriented toward the blood) and apical (oriented toward
the bile) exosomal pathways. We isolated a subclone, F2, from the human hepato-
carcinoma cell line HepG2/C3A that grew as a polarized monolayer culture and had
better HEV production than HepG2/C3A cells. F2 cells cultured on semipermeable
collagen inserts and infected basolaterally with nHEV3 released 94.6% of virus parti-
cles apically, those infected with eHEV3 released 96.8% apically, and eHEV1-infected
cells released 99.3% apically. Transcytosis was not involved. Density gradient centrif-
ugation and NP-40 treatment showed that HEV particles released both apically and
basolaterally were lipid associated. The apically released HEV3 and HEV1 particles
were six and nine times more infectious than those released basolaterally, respec-
tively. Confocal microscopy indicated that the open reading frame 2 (ORF2) capsid
protein colocalized apically with ORF3 virus protein, the apical marker DPP4, and the
recycling endosome GTPase Rab27a. The amounts of soluble glycosylated ORF2 se-
creted apically and basolaterally were similar. These polarized-hepatocyte data sug-
gest that infectious HEV particles are mainly released into bile, while the small frac-
tion released into blood could spread HEV throughout the host.

IMPORTANCE Hepatitis E virus (HEV) in stools is naked, while that in culture super-
natants and patients’ blood is lipid associated. Its life cycle in hepatocytes, polarized
cells with a basolateral side communicating with blood and an apical side con-
nected with bile, is incompletely understood. We have developed a polarized hepa-
tocyte model and used the cells to analyze the supernatants bathing the apical and
basolateral sides and HEV subcellular distribution. HEV particles from both sides
were lipid associated, and most infectious HEV particles left the cell via its apical
side. Similar amounts of the open reading frame 2 (ORF2) soluble capsid protein
were secreted from both sides of the hepatocytes. This model mimicking physiologi-
cal conditions should help clarify the HEV cell cycle in polarized hepatocytes.
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Hepatitis E virus (HEV) is one of the most common causes of hepatitis worldwide.
HEV is classified within the family Hepeviridae, which contains two genera: Ortho-

hepevirus, comprising four species, named Orthohepevirus A to D, infecting mammals
and birds, and Piscihepevirus, infecting trout. The Orthohepevirus A species includes at
least eight genotypes, five of which (HEV1 to HEV4 and HEV7) infect humans (1, 2).
Genotypes 1 and 2 are restricted to humans and each year cause millions of cases of
water-transmitted acute hepatitis in countries with poor sanitation (3). Genotypes 3 and
4 are prevalent in industrialized countries, where they are zoonotic; their reservoirs
include pigs, wild boar, deer, and rabbits (4–7). HEV3 and HEV4 can cause acute
hepatitis but are also involved in chronic hepatitis in immunocompromised patients;
they can worsen chronic liver disorders and can be associated with a range of
extrahepatic manifestations (8, 9). HEV7 was detected in dromedary camels and a
chronically infected transplant patient who consumed camel milk and meat (10). HEV
can also be transmitted by blood transfusion (11).

The 7.2-kb-long HEV RNA genome contains 5= and 3= untranslated regions and 3
open reading frames (orf) (12). ORF1 is a nonstructural protein including a methyltrans-
ferase, a papain-like cysteine protease, a helicase, and an RNA-dependent RNA poly-
merase (8). ORF2 is translated from two initiation codons, giving two forms of ORF2. The
longer ORF2 form contains a peptide signal and is secreted via the classical secretion
pathway, while the shorter ORF2 form becomes part of virus particles (13). These two
processes have different kinetics, and only the shorter ORF2 is found in cell lysates (14,
15). ORF3 is a small phosphorylated viroporin that is involved in HEV morphogenesis
and release (16–19).

HEV has been cultured in several hepatocarcinoma cell systems (14, 20–23). The HEV
secreted from cells is lipid associated (eHEV) (14, 15, 23, 24). This process involves the
interaction of ORF3 with the ESCRT (endosome sorting complex required for transport)-
associated protein TSG101 (25). Rab27a, a GTPase that takes part in recycling endo-
somes to the plasma membrane, is also needed for the release of virus particles from
infected cells (20). Finally, eHEV is found in a population of vesicles having the
characteristics of exosomes (23, 26, 27). The eHEV particles are less infectious than
naked HEV (nHEV) but are protected from neutralizing antibodies (15, 23).

Hepatocytes are organized cells that have apical (oriented toward the bile) and
basolateral (oriented toward the blood in the spaces of Disse) sides that are delimited
by tight junctions. Hepatocyte polarization leads to the segregation of many proteins
and functions. For instance, albumin is secreted basolaterally, while bile acids are
released apically (28), and dipeptidyl peptidase 4 (DPP4) is a typical apical marker (29).
The apical and basolateral endocytosis-exocytosis pathways are different (28), but some
proteins are internalized basolaterally and sent to the apical side by transcytosis (28,
30). Studies on unpolarized cells and blood or stool samples suggest that lipid-
associated HEV is secreted from both the basolateral and apical sides and that the lipids
are removed by bile acids and intestinal proteases (21). However, little is known about
the influence of hepatocyte polarity on HEV morphogenesis and egress.

We have found evidence that HEV particles are mainly released from the apical sides
of cultured polarized hepatocyte-like cells in a process that does not involve transcy-
tosis. HEV particles are released in a lipid-associated form both apically and basolater-
ally but are more infectious when released apically. In contrast, similar amounts of
soluble ORF2 are secreted on both sides.

RESULTS
HEV production in polarized F2 cells. F2 cells, a subclone of HepG2/C3A cells

isolated by limiting dilution, were incubated in William’s medium E containing dimethyl
sulfoxide (DMSO). The resulting differentiated, polarized hepatocytes were used to
analyze the HEV cycle. We collected apical and basolateral culture supernatants from F2
cells grown as monolayers on semipermeable collagen inserts. Confocal microscopy of
the F2 cells showed an extensive regular honeycomb pattern of ZO-1 protein staining
(Fig. 1A). The (x-z) section of the cell monolayer indicated that ZO-1 was present on the
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apical sides of the F2 cells (Fig. 1B), which is consistent with a simple columnar
epithelium. The cultured F2 cells also contained the apical marker protein DPP4 mainly
on their apical sides (Fig. 1C and D). The transepithelial electrical resistance (TEER) was
stable throughout the experiment (data not shown), confirming that the apical and
basolateral sides of the culture were well distinguished.

The majority of the albumin (over 70%; P � 0.05) was secreted from the basolateral
side from the 14th day postseeding (Fig. 1E), and albumin export was maximal in 14-

0

50

100

Day 21 post seeding

Bi
le

ac
id

se
cr

et
io

n
(%

)

*

7 14 21 28
0

20

40

60

80

100

Days post-seeding

Al
bu

m
in

ex
po

rt
(%

)

*******

HepG2/C3A F2
5

6

7

8

H
EV

R
N

A
(lo

g
co

pi
es

/m
L)

*

HepG2/C3A F2
0

5

10

15

20

25
%

of
O

RF
2

st
ai

ne
d

ce
lls

***

all
oLCA

CDCA
DCA

GCA

GCDCA
GDCA

GLCA
gMCA

GUDCA
HDCA

iso
LCA

LCA
TCA

TCDCA
TDCA

TLCA
0

10
20
30
40
50

500

1000

1500

Bile acids species

Bi
le

ac
id

s
(n

m
ol

)

3 4 5 6 7 8 9 10 11 12 13
2
3
4
5
6
7
8

Days post-infection

HE
V

RN
A

(lo
g

co
pi

es
/m

L)

B

A C

D

E

F G

H I J

FIG 1 Polarization of HepG2/C3A subclone F2 cells on semipermeable collagen inserts. (A to D) Immunostaining
of F2 cells on semipermeable collagen inserts. Nuclei were stained with DAPI (4=,6-diamidino-2-phenylindole).
Bar �10 �m. (A and B) Maximum-intensity projections of x-y stacks (A) and x-z sections (B) for the tight-junction
protein ZO-1. (C and D) x-y (C) and x-z (D) sections for DPP4. (E) Percentages of albumin exported from F2 cells.
The albumin in the apical (black bars) and basolateral (gray bars) supernatants was quantified by ELISA. The data
shown are means and standard deviations (SD) (n � 12) of the results of four experiments performed in triplicate.
*, P � 0.05; ***, P � 0.001. (F) Total bile acids from 21-day cultures of F2 cells quantified by LC-MS. The results are
expressed as percentages of exported bile acids in the apical (black bars) and basolateral (gray bars) supernatants.
The data shown are means and SD (n � 4). *, P � 0.05. (G) Bile acids were quantified by LC-MS on day 21
postseeding. The amounts of each detected species in the apical (hatched bars) and basolateral (gray bar)
supernatants are shown (n � 4). The bile acids quantified were allolithocholic acid (alloLCA), alpha-muricholic acid
(aMCA), beta-muricholic acid (bMCA), cholic acid (CA), 3-sulfo-cholic acid (CA-3S), chenodeoxycholic acid (CDCA),
3-sulfo-cheno deoxycholic acid (CDCA-3S), deoxycholic acid (DCA), glycocholic acid (GCA), glycochenodeoxycholic
acid (GCDCA), glycodeoxycholic acid (GDCA), glycolithocholic acid (GLCA), gamma-muricholic acid (gMCA), gly-
coursodeoxycholic acid (GUDCA), hyodeoxycholic acid (HDCA), isodeoxycholic acid (isoDCA), isolithocholic acid
(isoLCA), lithocholic acid (LCA), tauroalfamuricholic acid (TaMCA), taurobetamuricholic acid (TbMCA), taurocholic
acid (TCA), taurochenodeoxycholic acid (TCDCA), taurodeoxycholic acid (TDCA), taurolithocholic acid (TLCA),
3-sulfotaurolithocholic acid (TLCA-3S), ursodeoxycholic acid (UDCA), and omega muricholic acid (wMCA). For
clarity, only detected bile acids are shown. (H) HepG2/C3A (circles) and F2 (squares) cells were infected with nHEV
genotype 3 (1.35 � 106 HEV RNA copies/106 cells; white symbols) or eHEV genotype 3 (3.3 � 106 HEV RNA
copies/106 cells; black symbols). Supernatants were collected every 2 days, and HEV RNA was quantified by RT-PCR.
(I) HepG2/C3A (circles) and F2 (squares) cells were infected with eHEV genotype 3 (2.5 � 108 HEV RNA copies/106

cells). Supernatants were collected on day 15 postinfection, and HEV RNA was quantified by RT-PCR. The data
shown are from three independent experiments performed in triplicate. The horizontal bars represent medians. *,
P � 0.05. (J) Immunofluorescence of ORF2 protein in HepG2/C3A (white bars) and F2 (black bars) cells 21 to 30 days
postinfection. Nuclei were stained with DAPI. The results are expressed as percentages of cells containing ORF2.
The data shown are means and SD of the results of three independent experiments. ***, P � 0.001.
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to 28-day-old cultures. The concentrations of bile acids in the culture supernatants were
low because they were diluted with medium, but the apical supernatant contained
almost all the secreted bile acids (apical, 834 nmol [range, 140 to 1,900 nmol], 92.3%;
basolateral, 70 nmol [range, 62 to 87 nmol], 7.7%; P � 0.05) in 21-day cultures (Fig. 1F).
The main bile acid was chenodeoxycholic acid, and 94% of the bile acids secreted via
the apical side were conjugated to taurine or glycine (glycine/taurine conjugate ratio,
�3:1) (Fig. 1G). The differential release of albumin and bile acids was consistent with
their vectorial export.

We compared the abilities of HEV genotype 3 to infect F2 cells and HepG2/C3A cells
by measuring the HEV RNA in their culture supernatants. There was more virus RNA in
the supernatants of F2 cells infected with nHEV or eHEV than in the equivalent
HepG2/C3A supernatants during days 1 to 13 postinfection (Fig. 1H). The difference was
still significant 15 days postinfection (4.9 � 106 [range, 1.66 � 106 to 1.19 � 107] HEV
RNA copies/ml in F2 supernatants and 1.72 � 106 [range, 1.08 � 106 to 4.29 � 106]
copies/ml in HepG2/C3A supernatants; P � 0.05) (Fig. 1I). Confocal microscopy indi-
cated that significantly more F2 cells (18% � 3.2%) than HepG2/C3A cells (8.6% � 1.5%)
contained ORF2 (P � 0.001) (Fig. 1J). The inoculum of nHEV required to infect 50% of
105 F2 cells contained 2.9 � 103 copies of HEV RNA, while the inoculum required to
infect an equivalent number of HepG2/C3A cells was 6.2 � 103 copies of HEV RNA.
Thus, F2 cells were more readily infected by HEV than were HepG2/C3A cells, and this
was associated with the release of more HEV RNA into the culture supernatant.

Kinetics of HEV particle production. Because we assumed that HEV enters hepa-

tocytes through their basolateral surfaces, we infected 14-day cultures of F2 cells with
nHEV or eHEV genotype 3 via their basolateral sides and monitored the HEV RNA
secreted for the next 14 days. The inocula contained 6,500 tissue culture infective doses
(TCID50) per 106 cells, corresponding to 8.6 � 106 copies of nHEV RNA or 1.7 � 109

copies of eHEV RNA for every 106 cells. HEV RNA was mainly secreted from the apical
sides of the cells during the 14 days of infection regardless of the form of the infecting
virus particles (Fig. 2A to D). The apical supernatant of nHEV-infected F2 cells contained
94.6% (median, 1.0 � 107 HEV RNA copies; range, 5.6 � 106 to 1.3 � 107), and their
basolateral supernatant contained 5.4% (median, 5.8 � 105 HEV RNA copies; range,
7.0 � 104 to 4.9 � 106) of the total HEV RNA secreted (Fig. 2A and B). Similar results
were obtained with eHEV-infected F2 cells: the apical supernatant contained 96.8%
(median, 1.2 � 107 HEV RNA copies; range, 5.0 � 106 to 2.1 � 107), and the basolateral
supernatant contained 3.2% (median, 1.8 � 105 HEV RNA copies; range, 8.3 � 104 to
6.9 � 105) of the total secreted HEV RNA (Fig. 2C and D).

We looked at the role of transcytosis in the apical secretion of HEV by incubating F2
cell monolayers with nHEV or eHEV (6,500 TCID50/106 cells) in the basolateral medium
for 1 and 2 h at 4°C or 37.5°C (Fig. 2E and F) and measuring the HEV RNA in the apical
and basolateral supernatants. Very little nHEV RNA crossed the cell monolayer at 4°C
(5.2 � 10�3% � 7.7 � 10�3% in 1 h and undetectable after 2 h). Incubating the cells at
37.5°C did not increase these percentages (2.8 � 10�3% � 2.8 � 10�3% after 1 h and
undetectable after 2 h) (Fig. 2E). Even less eHEV RNA crossed the F2 cell monolayer
(4°C, 1.0 � 10�4% � 1.1 � 10�4% after 1 h and undetectable after 2 h; 37.5°C,
1.9 � 10�4% � 1.2 � 10�4% after 1 h and 4.8 � 10�5% � 8.3 � 10�4% after 2 h) (Fig.
2F). Hence, transcytosis was not involved in the apical release of HEV from F2 cells.

Control studies with eHEV genotype 3 and HepG2/C3A cells found that the apical
supernatant contained 83% (range, 2.2 � 105 to 4.7 � 105 HEV RNA copies) and the
basolateral supernatant contained 17% (range, 1.8 � 104 to 6.8 � 104 HEV RNA copies)
of the total secreted eHEV RNA (Fig. 2G and H), showing that apical HEV RNA secretion
is not specific to F2 cells.

The experiment was repeated with an eHEV genotype 1 strain and F2 cells; the
apical supernatant contained 99.3% (median, 7.9 � 106 HEV RNA copies; range,
7.5 � 106 to 1.6 � 107), and the basolateral supernatant contained 0.7% (median,

Capelli et al. Journal of Virology

February 2019 Volume 93 Issue 4 e01207-18 jvi.asm.org 4

https://jvi.asm.org


7.6 � 104 HEV RNA copies; range, 5.3 � 104 to 1.1 � 105) of the total secreted eHEV RNA
(Fig. 2I and J). Thus, mainly apical HEV RNA secretion is not specific to HEV genotype 3.

Properties of HEV particles produced by F2 polarized cells. Density gradient
centrifugation of the HEV genotype 3 particles released from F2 cells indicated that the
density of particles in the basolateral supernatant was 1.08 while that of particles in the
apical supernatant was 1.10 (Fig. 3A). Treating both supernatants with 1% NP-40
resulted in HEV RNA particles with densities of �1.18 (Fig. 3B and C). This pattern was
similar to that obtained with virus particles from feces (Fig. 3C), indicating that all the
HEV particles were lipid associated. Studies with HEV genotype 1 particles produced
similar differences in apical and basolateral densities and the NP-40-triggered density
shift (Fig. 3D and E).

Analysis of the infectivity of HEV particles from the apical and basolateral superna-
tants from 14-day infected polarized hepatocytes by TCID50 gave 5,901 (range, 2,271 to
18,870) TCID50 per million HEV RNA copies for the apical supernatant and 924 (range,
335 to 2,914) for the basolateral supernatant. Thus, approximately 6 times more
infectious particles were secreted from the apical side of the cell monolayer than from
its basolateral side (Fig. 3F) (P � 0.01).
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FIG 2 Polarized release of HEV RNA. (A to D) F2 cells grown on semipermeable inserts for 14 days were infected with nHEV genotype 3 (A and
B) or eHEV genotype 3 (C and D) (6,500 TCID50/106 F2 cells) added to the basolateral medium. Apical (black line) and basolateral (gray line)
supernatants were collected three times a week, and HEV RNA was quantified by RT-PCR. The data shown are means � SD of the results of three
independent experiments. (B and D) Percentages of total HEV RNA in apical and basolateral compartments infected with nHEV (B) or eHEV (D)
for 14 days. (E and F) Basolateral-to-apical transcytosis of nHEV (E) and eHEV (F) 14 days postseeding, HEV RNA (6,500 TCID50/106 cells) was placed
in the basolateral compartment and incubated for 2 h at 4°C or 37°C. The results are percentages of the HEV RNA passaged to the apical
compartment. The data shown are means and SD of the results of two independent experiments (n � 3). (G to J) HepG2/C3A cells (G and H) or
F2 cells (I and J) grown on semipermeable inserts for 14 days were infected with eHEV genotype 3 (5.85 � 108 HEV RNA copies/106 cells) (G and
H) or eHEV genotype 1 (2.7 � 107 RNA HEV copies/106 cells) (I and J). Virus in the apical (black lines) and basolateral (gray lines) supernatants was
quantified as described for panel A (G and I) and the relative percentages were calculated as for panel B (H and J).
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Similar results were obtained with HEV genotype 1; TCID50 were 2,395 (range, 1,159
to 16,969) per million HEV RNA copies for the apical supernatant and 266 (range, 59 to
1,106) for the basolateral supernatant, corresponding to 9 times more infectious
particles secreted apically than basolaterally (Fig. 3G).
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FIG 3 Properties of secreted HEV RNA. (A) Apical (black line) and basolateral (gray line) supernatants (105
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Virus ORF2 protein in culture supernatants. We measured the ORF2 protein in
supernatants from HEV genotype 3-infected cells using the Wantaï HEV Ag ELISA
(enzyme-linked immunosorbent assay) kit, which detects both the native and glycosy-
lated forms of ORF2. The amounts of ORF2 protein secreted from the apical and
basolateral sides were similar (apical median, 62.7 sample/cutoff [S/CO] [range, 58.6 to
159.2]; basolateral median, 47.8 S/CO [range, 22.0 to 187.7]) (Fig. 4A).

Western blotting gave the apparent molecular mass of the ORF2 protein in the
apical and basolateral supernatants as 90 kDa (Fig. 4B). Incubating the supernatants
with glycosidases to remove N-linked (peptide-N-glycosidase F [PNGase F]) or O-linked
sugars (O-glycosidase, when combined with neuraminidase) decreased the apparent
molecular mass to 85 kDa, while a combination of all three enzymes decreased the
ORF2 apparent molecular mass to 80 kDa, confirming that ORF2 is glycosylated. The cell
lysate also contained an ORF2 protein with an apparent molecular mass of 75 kDa.

Distribution of HEV proteins in F2 polarized hepatocytes. Immunostaining and
confocal microscopy indicated that the ORF2 and ORF3 proteins were in vesicle-like
structures (Fig. 5A) concentrated at the apical sides of HEV genotype 3-infected cells
(Fig. 5A and B). Object-based analysis (OBA) confirmed that the vesicle-like structures
contained both ORF2 and ORF3 proteins (Fig. 5C), showing their occasional colocaliza-
tion. The Pearson correlation coefficient (PCC) increased from 0.29 � 0.06 at the baso-
lateral slice to 0.64 � 0.07 at the apical slice (Fig. 5D), indicating that the strength of the
linear relation between ORF2 and ORF3 intensities increased toward the apical side.
Calculation of Manders coefficients indicated that the proportion of ORF2 in ORF3-
labeled voxels increased from 0.12 � 0.12 to 0.59 � 0.05 and that the proportion of
ORF3 in ORF2-labeled voxels increased from 0.10 � 0.11 to 0.66 � 0.13, confirming that
the colocalization of both proteins increased from the basolateral to the apical side (Fig.
5E). Similar results were observed in the whole field (see Movie S1 in the supplemental
material). Thus, these results confirmed the preferential localization of the ORF2 and
ORF3 proteins in the same vesicular structures at the apical side.

Immunostaining for ORF2 protein and the Rab27a GTPase, involved in endosome
recycling at the plasma membrane, showed that Rab27a was also in vesicle-like
structures (Fig. 6A) and that there was more Rab27a at the apical sides of HEV genotype
3-infected cells (Fig. 6B; see Movie S2 in the supplemental material). PCC and Manders
coefficients increased from the basolateral to the apical sides (PCC, 0.47 � 0.06 to
0.66 � 0.07; Manders, ORF2 in Rab27a, 0.13 � 0.08 to 0.85 � 0.06, and Rab27a in ORF2,
0.10 � 0.05 to 0.79 � 0.05) (Fig. 6C and D; see Movie S2). OBA confirmed their colocal-
ization (Fig. 6E). Similar results were obtained for the canalicular marker DPP4 (PCC,
0.56 � 0.04 to 0.83 � 0.08; Manders, ORF2 in DPP4, 0.06 � 0.07 to 0.91 � 0.07, and
DPP4 in ORF2, 0.08 � 0.07 to 0.82 � 0.15) (Fig. 6F to J; see Movie S3 in the supplemental
material).
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basolateral culture supernatants was quantified with a Wantaï HEV Ag ELISA kit. The results are S/CO values. The
box plots show minimal and maximal values, and the horizontal bars represent medians (n � 6). (B) Immunode-
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DISCUSSION

Our studies with polarized hepatocytes in cell culture showed that the HEV particles
released from both sides of F2 cells are lipid associated but that most of them leave
cells from the apical side by a process that does not seem to involve transcytosis. The
virus ORF2 and ORF3 proteins are preferentially located at the apical side, as are Rab27a
and DPP4. Ratios of infectious particles to HEV RNA copies were higher at the apical
than at the basolateral side, suggesting that the apical pathway is the main release
route. In contrast, the amounts of soluble glycosylated ORF2 protein secreted from
both sides are similar.

Few cell culture systems support efficient HEV replication and spreading in vitro. Our
cells were grown in a medium containing DMSO, which induces and maintains the
polarization of many cells in culture, including hepatocytes (31). Yin et al. have shown
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that media containing DMSO enhance HEV RNA production (15). The cells were
cultured on semipermeable collagen-coated inserts to produce confluent monolayers
of hepatocyte-derived cells that had the columnar morphology of simple epithelial
cells, which enabled us to collect samples of apical and basolateral supernatants (28).
We selected a clone, F2, of HepG2/C3A cells that supported better HEV growth than the
mother cell line. To produce similar conditions of infection, inocula were adjusted using
the TCID50, corresponding to 10 to 100 times more lipid-associated HEV RNA copies
than naked HEV. This difference in infectivity has been described in unpolarized
systems (20, 23). We found that the kinetics of HEV production by cells infected with
eHEV or nHEV were similar. F2 cells grown on inserts had the typical apical proteins
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ZO-1 and DPP4 and released albumin mainly from their basolateral sides and bile acids
from their apical sides. Most of the bile acids were conjugated (glycine-conjugated/
taurine-conjugated ratio, �3:1), which is characteristic of bile (32). Thus, our system
reproduces the main morphological and functional features of polarized hepatocytes
and could be a useful tool for studying HEV in polarized cells.

Recent studies indicate that the ORF2 virus capsid protein is also secreted in a
soluble glycosylated form involving the classical secretion pathway (13, 14). Both the
apical and basolateral supernatants contained a band at 90 kDa that gave an 80-kDa
protein after deglycosylation with PNGase F, O-glycosidase, and neuraminidase, con-
firming that the ORF2 in the culture supernatant was glycosylated. Yin et al. (13)
reported a similar difference in the molecular masses of deglycosylated extracellular
ORF2 and intracellular ORF2. They also showed that soluble ORF2 does not interfere
with the entry of either nHEV or eHEV (13). Soluble ORF2 could alter the ability of IgG
and IgM antibodies to neutralize nHEV reaching the portal vein during an infection.

HEV-contaminated food products can transmit HEV genotype 3 (33, 34), but little is
known about the form of the virus particles that reach the liver via the portal vein.
Regardless of the form of virus (nHEV or eHEV) and whether it is genotype 3 or 1,
polarized cells released around 95% of the HEV RNA from their apical sides as lipid-
associated particles, supporting the hypothesis that HEV buds off from the apical sides
of hepatocytes and loses its quasienvelope due to the detergent action of bile acids
(35).

Hepatotrophic viruses like hepatitis A virus (HAV), hepatitis B virus (HBV), and
hepatitis C virus (HCV) use hepatocyte polarization for their release (36–39). HAV, like
HEV, is a naked virus that is lipid associated in blood (40) and on both sides of polarized
cultures (36, 37). Most HAV particles leave hepatocytes grown in a similar system
developed from HepG2 cells across their basolateral sides (36), while most HEV particles
leave our F2 cells from the apical side. Clearly, the two viruses use different cell
mechanisms for their egress. The preferential HEV apical secretion correlates well with
the 100-fold-higher concentration of HEV RNA in the bile than in the blood of pigs (41).
Although relatively few infectious particles are released basolaterally, they could be
sufficient to spread HEV in the host. HEV replication in other organs could then lead to
extrahepatic manifestations (9).

We looked for the involvement of transcytosis in HEV transport and accumulation in
the apical supernatant, as it is a feature of hepatocytes (28). This was done by
measuring the percentages of nHEV and eHEV passing through the cells when active
transport was possible (37°C) or not possible (4°C). There appears to be very little
transport at either 4°C or 37°C, mainly for eHEV, which is relevant because eHEV is the
virus form found in patients’ blood and at the basolateral side of our F2 cultures.
Therefore, de novo virus particles reach the apical side of hepatocytes via exocytosis
rather than transcytosis.

The pathways of exocytosis from the basolateral and apical sides of hepatocytes are
different (28). While all released HEV particles are lipidated, the densities of those
released apically were different from those of particles released basolaterally. We have
reported that HEV particles are released from cells together with exosomes (23), but the
population of exosomes is heterogeneous (42). Studies on polarized colon or kidney
cells show that high-density exosomes containing Wnt3 are secreted from the apical
side while lower-density exosomes containing CD63 are secreted basolaterally (43, 44).
We found that virus particles released from the apical or basolateral side had the same
density after incubation with NP-40 as virus particles in feces, suggesting that they
differ in their quasienvelope compositions.

Confocal microscopy revealed that ORF2 and ORF3 proteins colocalized and accu-
mulated at the apical side and with the typical apical marker DPP4, a transmembrane
protein in the bile canaliculi of hepatocytes in vivo (29). These images per se do not
show whether this corresponds to entry or egress, but ORF3 is known to interact with
the ESCRT-associated protein Tsg101 via its PSAP motif, which is needed for the release
of lipid-associated HEV (17, 25). ORF2 protein is distributed with Rab27a, a major
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GTPase involved in recycling late endosomes to the plasma membrane (45), which also
favors virus egress.

A major finding was that the HEV particles released from the apical sides of cultured
cells are more infectious than those released from the basolateral side, indicating that
the infectivity of quasienveloped particles can vary. This also indicates that infectious
particles are released most efficiently via the apical exocytosis pathway. The polarized
targeting of viral proteins is critical for the pathogenesis of several viruses. The
influenza A virus M2 protein must be at the apical side of the host cell for the optimal
production of infectious particles (46). Similarly, measles virus is released from the
apical membranes of polarized epithelial cells by hijacking Rab11A-positive recycling
endosomes (47). ORF3 may move toward the ESCRT complex of the apical multive-
sicular bodies to enable lipid-associated HEV particles to egress, leading to the accu-
mulation of HEV RNA in the apical supernatant.

In summary, we have developed a system of cultured polarized hepatocytes that
closely mimics the pathophysiological conditions of HEV infection and found that the
majority of infectious HEV particles are released from the bile sides of hepatocytes.

MATERIALS AND METHODS
Culture media and reagents. Dulbecco’s modified Eagle’s medium (DMEM), William’s medium E

(WME; 32551), fetal bovine serum (FBS), goat serum, 0.05% trypsin-EDTA (1�) containing phenol red,
phosphate-buffered saline without calcium and magnesium (PBS), type I collagen (A1048301), rabbit
anti-ZO-1 (61-7300), goat anti-mouse 488 (A11029), goat anti-rabbit 555 (A21428), and NucBlue fixed cell
stain (R37606) were all purchased from ThermoFisher Scientific, Life Technologies SAS (Saint-Aubin,
France). The FBS was heat inactivated and depleted of exosomes by ultracentrifugation (110,000 � g;
14 h; 4°C). Penicillin G (10,000 U/ml), streptomycin (10,000 U/ml), and amphotericin B (25 �g/ml) were
supplied as a mixture (PSA) by Bio Whittaker-Lonza (Amboise, France). Bovine serum albumin (BSA),
DMSO, Optiprep, Transwell-COL tissue culture inserts (COSTAR; 4.7-cm2 growth area; 3.0-�m pore size),
anti-Rab27a (R4655), mouse anti-ORF2 antibodies (clones 1E6 and 4B2), and Fluoromount (F4680) were
supplied by Sigma-Aldrich (Saint-Quentin Fallavier, France). The Cytofix/Cytoperm and BDperm/wash
were purchased from BD Biosciences (Le Pont de Claix, France). Rabbit anti-ORF3 antibody (bs 0212-R)
was from Clinisciences (Nanterre, France). Rabbit anti-CD26/DPP4 (Ab28340) was from Abcam (Paris,
France). Odyssey blocking buffer (OBB), IRDye 800 CW donkey anti-mouse IgG (926-32212), and Chame-
leon Duo prestained protein ladder (928-60000) were supplied by LI-COR Biosciences GmbH (Bad
Homburg, Germany).

Cells. HepG2-derived C3A cells were obtained from the ATCC (HepG2/C3A; ATCC CRL-10741). A
subclone, HepG2/F2, was obtained by limiting dilution according to the protocol described by Snooks
et al. (36). Briefly, cells were detached by incubation with trypsin-EDTA in Hanks balanced salt solution
(Ca2	 and Mg2	 free) containing 3 mM EGTA for 20 min at 37.5°C, passed three times through a 27-gauge
needle, diluted, and seeded at 0.5 cells/well in a 96-well plate. HepG2/C3A cells or the F2 clone cells were
grown in DMEM supplemented with 10% FBS.

Cells to be infected (106 cells) were seeded on semipermeable inserts of collagen and incubated for
14 days at 37°C in William’s medium E containing 10% FBS, 1% DMSO. Half of the culture medium was
replaced three times a week. The results of all experiments using inserts were corrected for the relative
volumes of apical (1.5 ml) and basolateral (2.6 ml) culture medium.

Viruses, infection, and transcytosis experiments. We used clinical samples from patients at the
acute phase of infection. Feces from a patient infected with a HEV genotype 3f strain (TLS-09/M0 [48])
were used to prepare suspensions of nHEV. The culture supernatant from the first cell passage of this 3f
feces strain on PLC/PRF/5 cells (ATCC; CRL-8024) was used to prepare suspensions of lipid-associated HEV
(eHEV). The ORF2 sequences of nHEV and eHEV were identical.

Cells were infected as previously described (23) using a medium containing 96% WME, 2% heat-
inactivated exosome-free FBS, 1% PSA, and 1% DMSO. We used an inoculum of nHEV containing
8.6 � 106 HEV RNA copies per 106 cells or eHEV containing 1.7 � 109 HEV RNA copies per 106 cells,
corresponding to a TCID50 of 6,500 per 106 cells in each case to infect the cells on inserts. We obtained
genotype 1 by growing feces on HepG2/C3A cells and concentrating the supernatants. The resulting
concentrated first-passage suspension contained 107 HEV RNA copies/ml.

The nHEV or eHEV inoculum was added to the basolateral side of the F2 cell monolayer (washed
three times with PBS). Fresh medium was added to the opposite side, and the plates were incubated for
2 h at 37°C. The inoculum was then removed, the cells were washed three times with PBS, and fresh
medium was added. We tested for transcytosis by incubating the cells for 2 h at 4°C and then for 2 h at
37°C with nHEV or eHEV genotype 3 inoculum in the basolateral cell monolayer. The HEV RNA in the
basolateral and apical supernatants was quantified by reverse transcription (RT)-PCR at each step. The
rate of HEV transcytosis was determined as the percentage of input per hour at 4°C or 37°C.

Albumin and bile acid assays. Albumin was assayed with the Albumin Human ELISA kit (ab108788;
Abcam, Paris, France), following the manufacturer’s instructions. Samples were diluted to lie within the
linear range of the assay.
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Bile acids were measured (adapted from reference 49) at the Metatoul lipidomic platform (INSERM
UMR1048, Toulouse, France) certified to ISO 9001:2015 standards. Supernatants (500 �l) were frozen at
�80°C diluted in water (500 �l) containing an internal standard (23NorDCA; Steraloids, Newport, USA).
Bile acids were first concentrated on an HLB solid-phase extraction system (Waters SAS, Saint-Quentin-
en-Yvelines, France): plates were conditioned (1 ml water, 2 ml methanol), samples were loaded, and the
plates were washed with 2 ml water. Finally, bile acids were eluted with 2 ml methanol. The final
concentrated extracts were dissolved in 20 �l methanol and stored at �20°C until they were analyzed
by high-resolution liquid chromatography-mass spectrometry (LC-MS) on an Ultimate 3000 (Thermo-
Fisher Scientific, Life Technologies SAS, Saint-Aubin, France) equipped with a 2.1- by 100-mm, 1.7-�m
Zorbax SB C18 column (Agilent, Santa Clara, CA) at 45°C. The mobile phases were 15 mM ammonium
acetate, pH 5.3 (acetic acid) (A); acetonitrile (B); and methanol (C) in gradient mode (flow rate,
0.5 ml/min). The gradient was as follows: 20% B-0% C from 0 min to 2.5 min, 16% B-20% C at 5 min, 1%
B-95% C at 23 min, and 20% B-1% C from 23.5 min to 27.5 min. The injection volume was 5 �l. The
high-resolution mass spectrometer was an Exactive (ThermoFisher Scientific, Life Technologies SAS,
Saint-Aubin, France) running in electrospray ionization (ESI) negative mode with full scan acquisition (200
to 600 m/z). The source parameters were as follows: sheat gas (N2), 30 lb/in2; auxiliary gas flow, 10 lb/in2;
sweep flow rate, 0 lb/in2; spray voltage, 2,500 V; capillary temperature, 200°C; capillary voltage, �37.5 V;
tube lens voltage, �165 V; heater temperature, 200°C; skimmer voltage, �46 V; maximum injection time;
250 ms. Calibration curves were prepared from standards (from Steraloid and Sigma-Aldrich) in methanol
(24, 6, 1.5, 0.375, 0.093, 0.023, and 0.0058 ng/ml). Trace Finder quantitative software (ThermoFisher
Scientific, Life Technologies SAS, Saint-Aubin, France) was used to quantify each compound using the
resulting ion chromatogram (5-ppm windows). All concentrations were converted to molarity in order to
compare amounts of bile acids.

The amounts of apical and basolateral exports of albumin and bile acids per hour were calculated as
fractions of the totals (apical plus basolateral).

Density gradient. HEV-infected supernatants were fractionated on discontinuous gradients of 7.5 to
40% iodixanol prepared from Optiprep as previously described (23). Fractions (0.5 ml) were collected
from the top of the tube, and their densities were measured with an Abbe refractometer.

The effect of detergents on HEV particles was analyzed by treating samples with 1% NP-40 for 15 min
and loading them on a 1-ml 7.5 to 40% “minigradient” (prepared by adding 100 �l of 40% to 10%
iodixanol solutions and the sample diluted in a final 7.5% iodixanol solution). The minigradients were
centrifuged at 92,500 � g (T.25 rotor; Beckman-Coulter Optima L80-XP; Beckman Coulter France S.A.S.,
Paris, France) for 14 h at 10°C. Fractions (90 �l) were collected and analyzed.

HEV RNA quantification. HEV RNA was extracted from 140-�l samples (QiaAmp viral RNA minikit;
Qiagen, Courtaboeuf, France) and quantified by RT-PCR of the orf3 gene. This accredited ISO 15189
method has a limit of detection of 100 HEV RNA copies/ml (50).

Indirect immunofluorescence. Cells were washed twice with PBS, fixed with Cytofix/Cytoperm
(20 min at 4°C), and permeabilized by incubation with BD/PermWash for 10 min at room temperature.
Free binding sites were blocked by incubation with 5% goat serum in PBS for 30 min at room
temperature. Cells were stained with anti-ORF2 monoclonal antibodies (mouse 1E6 [1/100] plus 4B2
[1/100]) and/or rabbit anti-ORF3 (1/100), anti-ZO-1 (1/50), anti-Rab27a (1/300), or anti-CD26/DPP4
antibodies (1/200) diluted in 5% goat serum in PBS. The cells were washed 5 times in PBS, and immune
complexes were detected with Alexa-labeled secondary antibodies (diluted 1/1,000 in 5% goat serum in
PBS) and again washed 5 times in PBS. Nuclei were counterstained with NucBlue fixed cell stain following
the manufacturer’s instructions and finally mounted in Fluoromount solution.

Confocal microscopy was performed at the Cell Imaging Facility (INSERM UMR1043, Toulouse, France)
certified to ISO 9001:2015 and NFX 50 to 900 v2016 standards, using a LEICA SP8 (63� objective;
numerical aperture, 1.4; Leica Microsystems, Germany), and the resulting images were analyzed using
ImageJ software (authored by Wayne Rasband, Research Services Branch, National Institute of Mental
Health, Bethesda, Maryland, USA). Colocalization studies were performed with the JACoP plugin (51) for
ImageJ. PCCs were used to evaluate the linear correlation between the intensities of two channels.
Manders coefficients sum the intensities of pixels in channel A that find a nonnull counterpart in channel
B, which are then divided by the total intensity of pixels in channel A (proportion of A into B), and
inversely for the proportion of B into A. Pearson and Manders coefficients were calculated for consecutive
cell heights by separating all image slices and calculating both coefficients for each optical slice, applying
the same threshold to each optical slice.

ORF2 protein quantification. The ORF2 protein was quantified with the Wantaï HEV Ag ELISA kit
(Wantai Biological Pharmacy Enterprise Co., China). Samples were diluted to lie within the linear range
of the assay, and the results are expressed as the ratio of the absorbances of the S/CO and corrected for
the dilution and volume of medium on the corresponding side.

Glycosidase digestions. PNGase F, O-glycosidase, and neuraminidase (New England Biolabs, Ips-
wich, MA) were used following the manufacturer’s instructions. Briefly, protein extracts were incubated
in denaturing buffer for 10 min at 100°C and then with enzyme(s) in 1% NP-40 buffer for 4 h at 37°C.
Samples were analyzed by Western blotting.

Western blots. ORF2 on Western blots was detected (23) by incubation with monoclonal anti-ORF2
antibodies (1E6 [1/2,000] and 4B2 [1/2,000] in OBB) overnight at room temperature and then with IRDye
800CW donkey anti-mouse IgG secondary antibody (diluted 1/15,000 in OBB) for 1 h at room temper-
ature. A Chameleon Duo prestained protein ladder was used as a size marker. Images were acquired
using an Odyssey Fc (LI-COR, Bad Homburg, Germany).
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Determination of TCID50. The TCID50, the reciprocal of the virus suspension dilution that infected
50% of the culture wells, was determined by endpoint dilution, using HEV RNA to identify infected wells
10 days postinfection. Briefly, 96-well plates were coated with type I collagen and seeded with 105 F2
cells per well. The cells were inoculated 24 h postseeding by incubation with serial 10-fold dilutions (6
replicates) of virus suspension in infection medium for 6 h at 35.5°C. The cells were then washed 5 times
in PBS at 24 h postinfection and maintained in fresh infection medium. Half of each culture supernatant
was replaced every 2 days. Half of each culture supernatant was discarded at day 10 postinfection, the
cells were lysed by freezing and thawing the plates once, and the HEV RNA in each well was measured.
The TCID50 was determined using the Reed and Münch calculation (23).

Statistical analysis. All statistical analyses were performed with GraphPad Prism 7 software (version
7.03; GraphPad Software, La Jolla, CA). Mann-Whitney and Wilcoxon tests were used to compare
quantitative variables and the �2 test to compare the percentages of infected cells. P values of �0.05
were considered statistically significant.
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